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[1] Turbidity currents are thought to be themainmechanism
tomove500,000m3 of sediments annually from the head of
theMonterey Submarine Canyon to the deep-sea fan. Indirect
evidence has shown frequent occurrences of such turbidity
currents in the canyon, but the dynamic properties of the
turbidity currents such as maximum speed, duration, and
dimensions are still unknown. Here we present the first-ever
in-situ measurements of velocity profiles of four turbidity
currents whose maximum along-canyon velocity reached
190 cm/s. Two turbidity currents coincided with storms that
produced the highest swells and the biggest stream flows
during the year-long deployment. INDEX TERMS: 3022
Marine Geology and Geophysics: Marine sediments—processes
and transport; 4558 Oceanography: Physical: Sediment transport;
4512 Oceanography: Physical: Currents; 4594 Oceanography:
Physical: Instruments and techniques. Citation: Xu, J. P., M. A.
Noble, and L. K. Rosenfeld (2004), In-situ measurements of
velocity structure within turbidity currents, Geophys. Res. Lett., 31,
L09311, doi:10.1029/2004GL019718.
1. Introduction
[2] Submarine canyons that cross continental shelves can
be active and dynamic conduits of sediment transport [Inman
et al., 1976; Khripounoff et al., 2003; Paull et al., 2003].
Violent turbidity currents have been observed, directly from
current measurements as well as indirectly from anecdotal
evidence, in the Scripps [Inman et al., 1976] and Monterey
[Garfield et al., 1994; Paull et al., 2003] submarine canyons.
The down-canyon turbidity currents possessed such high
power that they have bent 90 a 2.5-cm-diameter steel rod on
an instrument package 3 m above the bed (MAB) in 44 m
water depth [Inman et al., 1976]; have damaged a pressure
sensor and pegged a transmissometer 100 MAB in 1450 m
water depth for over 2 hours [Xu et al., 2002]; and have
moved an instrument frame 550 m down canyon and then
buried it in 510 m water depth [Paull et al., 2003]. Unfor-
tunately, all observations in the canyons and other environ-
ments, e.g., fjord [Prior et al., 1987; Syvitski and Hein,
1991], were limited to mostly qualitative evidence of an
isolated event at a single site. Detailed velocity profiles of
turbidity currents have not been available either because
instruments did not survive the violent events [Inman et al.,
1976; Prior et al., 1987; Paull et al., 2003], or were too high
above the bottom [Xu et al., 2002] for reasons of instrument
safety.
[3] From December 2002 to November 2003, the U.S.
Geological Survey (USGS) and Naval Postgraduate School
(NPS) deployed three oceanographic moorings along the
axis of the Monterey Submarine Canyon at water depths of
820, 1020, and 1450 m (Figure 1). Each mooring had a
downward-looking acoustic Doppler current profiler
(ADCP) at 69 MAB. Instrument packages with CTDs,
transmissometers, and sediment traps were located approx-
imately 16 and 70 MAB, while similar packages with
the addition of single point current meters were located
170 MAB and either at 300 (R1 and R2) or 400 MAB (R3).
In this paper, we present some preliminary analyses of a
dataset that, to our best knowledge, is the first ever in-situ
field measurement of velocity structures within turbidity
currents.
2. Violent Turbidity Currents
[4] The bottom sections of moorings R1 and R2, including
the instrument packages 16MABwere not recovered due to a
broken cable and a release failure. The pressure sensors in
twoAanderra current meters on R1, initially at 520 and 650m
respectively, provided evidence that the R1 mooring, along
with its 1000 kg anchor, moved down canyon during the
deployment. Both showed a 20 deci-bar increase between
two consecutive measurements that are 20 minutes apart.
This 20 deci-bar increase (equivalent to 20 m increase in
water depth) corresponds to a down-canyon displacement of
600 m. During the same 20-min interval, the de-tided long-
canyon velocities from these current meters showed unusu-
ally high up-canyon speed, 59 and 51 cm/s, respectively.
These values probably approximate the speed at which the
whole mooring moved down canyon. It would have taken
17–19 minutes for R1 to move down the canyon before
resettling at 840 m. This down-canyon slide of R1 coincided
with the second of the four turbidity currents observed during
the year-long deployment (Figure 2).
2.1. Turbidity Current Event on 17 December 2002
[5] The first turbidity current occurred 11.5 days after
the moorings were deployed. It is clearly shown in the
temperature, velocity and water clarity data (including
transmissometer and acoustic backscatter) at R2 and R3.
However, no evidence of this turbidity current can be found
in the R1 data (Figures 2 and 3). This suggests that it
originated either from somewhere between R1 and R2 in the
Monterey Canyon, or from the upper reaches of the smaller
Soquel Canyon that joins the former 500 m upstream of
R2 (Figure 1). The water temperatures at 70 and 170 MAB
on the R2 mooring (i.e., 950 and 850 m depth) were over
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6.2C during the event, about 2C higher than normal.
Three CTD casts conducted in the vicinity of R2 10 days
earlier showed that the 6C isotherm intersected the bottom
at the 500 m isobath. In other words, the 6C water would
have to have come from 500 m depth, or even shallower if
some mixing occurred. Because the first turbidity current
did not pass through R1 (at 820 m depth), this event most
likely originated in Soquel Canyon. The vertical along-
canyon velocity profiles at R2 (Figure 3) reached a maxi-
mum of 60 cm/s at approximately 12.5 MAB. Because the
ADCP velocity represent a 5-min vector average made once
an hour, the actual instantaneous maximum may have been
even greater. At R3, the turbidity current became faster, with
the maximum along-canyon velocity reaching 75 cm/s at
9.3 MAB (Table 1). The velocity data show that this
turbidity current lasted at least 5 hours, but the turbid clouds
that resulted from the event lingered for at least two days
after the turbidity current passed the moorings. For 13–
14 hours, the transmissometers located 70 and 170 MAB on
R2 were totally occluded. Two transmissometers further
down the canyon on R3, 70 and 170 MAB respectively,
were totally pegged for nearly 20 hours. As the turbidity
current marched down canyon, its head (defined here as the
elevation of the speed maximum in the velocity profile)
appeared to have become closer to the canyon floor (Table 1).
2.2. Turbidity Current Event on 20 December 2002
[6] The second turbidity current, recorded just 3 days
after the first one, moved much faster. This event was
observed by all three moorings (Figure 3), with maximum
along-canyon velocities of 190, 160, and 180 cm/s at R1,
Figure 1. A map of the Monterey and Soquel Canyons.
The three moorings, R1, R2, and R3, were deployed in 820,
1020, and 1450 m water depths. San Lorenzo River is out of
the map area to the North.
Figure 2. Plots of near-bed, along-canyon velocity (A, B,
C) and light transmission (D, E) during a 12-day period that
includes the first two turbidity currents. The light transmis-
sion data are shown in their raw voltage. Each transmis-
someter has its own calibration parameters thus they cannot
be compared with one another for water clarity. Event 1 was
not registered in the R1 record.
Figure 3. Hourly vertical velocity profiles of turbidity
current events 1 (A, B, C) and 2 (D, E, F). The profiles are
colour-coded in the following order (from beginning to
end): black, red, yellow, green, cyan, blue, and purple. The
deepest data point in each profile may not be accurate
because of acoustic interference from the canyon floor.
Velocities are interpolated to a common, hourly time-base
so the maximum velocities depicted are smaller than the
measured maxima shown in Table 1. Notice the different
velocity scales for the two events.
Table 1. Characteristics of the Observed Turbidity Currents
Event 1 Event 2 Event 3 Event 4
Max. along-canyon
velocity (cm/s)
R1 n/a 190 160 n/a
R2 60 160 105 155




R1 n/a 12.2 12.2 n/a
R2 12.5 10.5 8.5 10.5
R3 9.3 5.3 n/a 7.3
The maximum along-canyon velocities are the values before interpola-
tion to a common hourly time base, thus they are greater than the values
shown in Figures 3 and 4.
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R2, and R3, respectively (Table 1). The velocity time-series
were interpolated onto a common hourly time base for the
plots in Figures 2 and 3, thus the actual measured velocities
were greater than what are shown in the plots. Also because
the sampling interval of the ADCPs was one hour, the real
maximum of down-canyon velocity may well have been
missed. The maximum along-canyon velocity were at 12.2,
10.5, and 5.3 MAB, becoming closer to the canyon floor
heading down canyon. Meanwhile, the thickness of the
turbidity current layer, as identified from the velocity pro-
files, increased in the down-canyon direction. The hourly
velocity profiles from R1 and R2 exhibited very little
vertical shear or acceleration above 50 MAB, an indication
that the turbidity current did not extend above that height,
while the velocity profiles at R3 showed that the turbidity
current structure exceeded the elevation of the ADCP
(69 MAB). It is unknown where the top boundary of this
turbidity current was, but data from the Aanderaa current
meter at 170 MAB showed only pure tidal signals. The
down-canyon velocity reached its maximum within the
same one-hour time span at R1 and R2, but the maximum
along-canyon velocity at R3 occurred an hour later. Given
the along-canyon distances of 6 km between R1 and R2,
and 10 km between R2 and R3, we can estimate the actual
speed of the front of the turbidity current to be 6–10 km/hr
(1.7–2.8 m/s).
[7] This turbidity current appeared to have lasted 5–
8 hours. The vertical dimension of the turbid plume induced
by this event was actually smaller than the slower event on
December 17. The turbid plume occluded the transmissom-
eter 70 MAB on R2 for several hours, but it was hardly seen
in the transmissometer data 170 MAB on this mooring (The
data loggers for the transmissometer and temperature sen-
sors on R1 failed). The temperature increase at 70 MAB
during this event was less than 0.5C. At R3, the transmis-
someter data 70 and 170 MAB were very similar to that in
the first event. For at least 5 hours, the floor of this stretch of
the canyon (16 km between R1 and R3) was filled with a
75-m thick layer of turbid water whose sediment concen-
tration was high enough to occlude the transmissometers.
2.3. Turbidity Current Event on 14 March 2003
and 9 November 2003
[8] The third and the fourth turbidity currents had vertical
velocity profiles very similar to that in the first two (Figure 4,
Table 1). The 14 March 2003 event was considerably weaker
than event 2 at R1 and R2 and did not even reach R3. The
head of the these two turbidity currents also became closer to
the canyon floor in the down-canyon direction. During the
onset of the fourth turbidity current on 9 November 2003, the
cable on R1 parted, leaving the lower 70 m of the mooring
at the bottom of the canyon (probably buried). Ten days later,
the rest of the mooring was sighted on the surface 8 km
from its placement site.
3. Originations and Possible Triggering
Mechanisms
[9] It is probable that these turbidity currents originated
in the upper canyons. We are uncertain, however, about
what might have triggered the turbidity currents. Earth-
quakes can be ruled out because seismic records (available
at USGS webpage, http://earthquake.usgs.gov) show no
earthquake activity of magnitude 3 or higher in the area
during, or prior to, the four turbidity currents. Meteorolog-
ical data from NOAA buoy 46042, 50 km offshore,
recorded two storms on 16–17 and 19–20 December
2002, respectively (Table 2). These two storms, which
registered the highest waves during the one-year deploy-
ment, coincided well with the first two turbidity currents.
Daily flow rate from the three rivers around the Monterey
Bay, the Salinas, the Pajaro, and the San Lorenzo, reached
their maxima of the year on 16–17 December 2002 and
then a lower peak on 20 December 2002 (Table 2), but they
are much smaller than the 300 m3/s required to have
Figure 4. Same as Figure 3, but for turbidity current
events 3 (A, B, C) and 4 (D, E, F).
Table 2. Meteorological, Oceanographic, and Hydrological Measurements During and Immediately Prior to the Turbidity Current Events
Event 1 Event 2 Event 3 Event 4
Air press., (mbar) 1002 1006 1013 1013
Wind speed (m/s) 20 20 12 10
Wind dir. (from, true North) 250 180 170 170
Wave height, (m) 8 7 4 3
Wave period, (sec) 16 14 12 12
Wave dir. (from, true North) 280 190 270 270








Stream flow, Q, (m3/s)a 31, 94, 42 14, 33, 31 27, 6, 2 0, 3, 1
Sed. Conc. (kg/m3) Cs = 0.041 Q0.92a 0.97, 2.70, 1.28 0.46, 1.02, 0.97 0.85, 0.21, 0.08 0.00, 0.11, 0.04
Winds and wave are from NOAA buoy 46042. Tide data is from the Monterey Harbour tide gage. River flow rates are highest values measured from
USGS stream gages during the events. The rating curve (Cs = 0.041 Q0.92) is taken from Johnson et al. [2001].
aFor the three local rivers in the order of Salinas, San Lorenzo, and Pajaro.
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hyperpycnal flow at the head of the Monterey Canyon
[Johnson et al., 2001]. Applying the same rating curve
that Johnson et al. [2001] used for the Salinas River,
the estimated sediment concentrations for all three rivers
(Table 2) during the two storms are less than 2 kg/m3. This
is more than one order of magnitude smaller than 40 kg/m3,
a criteria for hyperpycnal flows in ocean water [Mulder and
Syvitski, 1995]. With a reduced critical concentration of
1 kg/m3 [Parsons et al., 2001], sediment concentrations
from two rivers (the San Lorenzo and the Pajaro) were
greater than the 1 kg/m3 criteria during the first storm. The
San Lorenzo River was also above the criteria during the
second storm. But the sediment concentration of the Salinas
River, which is the closest to the Monterey canyon head,
was less than the criteria during both storms.
[10] The third turbidity current (14 March 2003) appears
to be anthropogenic. During the week of March 6–13,
about 16000 m3 of dredged material (from the nearby Moss
Landing Harbour) was dumped at the head of the Monterey
Canyon [MEC, 2003]. A multi-beam survey on 25 March
2003 (Doug Smith, personal communication) at the dump
site actually showed 2 m of net erosion when compared
with the September 2002 survey. This ‘lost’ material could
be the source and trigger of this turbidity current. The fourth
turbidity current is so far the least understood. Neither
was there any noticeable oceanographic, meteorological or
hydrological event on or immediately prior to 9 November
2003, nor is there any data that can be related to other
possible causes such as canyon wall sapping that could lead
to sediment failure [Syvitski and Hein, 1991].
4. Summary
[11] Several preliminary conclusions may be drawn from
the initial analyses of this rare dataset. (I) All four turbidity
currents occurred in winter months, Two turbidity currents
appeared to be related to storms and another was ‘man-
made’. (II) The body of the turbidity currents were confined
within 50 m from the canyon floor, but the sediment plumes
resulting from the turbidity currents reached as high as
170 m above the canyon floor. (III) The speed maxima,
where the head is located, were 5–12 MAB depending on
the magnitude of the turbidity currents. As the turbidity
currents moved down canyon, their heads became closer to
the canyon floor. (IV) More investigation is needed to
definitively verify storms as a triggering mechanism and
identify sources such as edge waves [Inman et al., 1976],
canyon wall sapping [Syvitski and Hein, 1991], sand
breaching [Mastbergen and van den Berg, 2003], internal
tides [Hotchkiss and Wunsch, 1982; Petruncio et al., 1998],
or others [Seymour, 1990; Normark and Piper, 1991].
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